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The purpose of this contract was to further the development of
the Hughes Rotating Gravity Gradiometer (RGG)t this effort is a direct
continuation of two prior Air Force contracts (E(19268-72—C-0222 and

The stated performance objective for these con-
tracts was the design, construction and demonstration of the Rotating ;
Gravity Gradiometer capable of operating in an airborne environment W
and producing no more than one (1) Edtvos Unit (EU) of noise, at an
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equivalent ten second integration time, in the determination of the
components of a gravity gradient tensor.

—=> The scope of effort in-this contract was limited to studies and
performance tests and demonstrations in the laboratory environment.
Two RGG sensors were involved. The first, RGG-1, was built in 1974
and 1975 under the prior contracts. The second, RGG-2, was designed
and built during the course of this contract. The initial scope of work
included various tasks to test and modify RGG-1, with the goal of deter-
mining configuration changes to be incorporated in RGG-2. -

The design for RGG-2 was frozen in April 1976: however, RGG-1
testing continued through November 1976. RGG-2 was assembled and
ready for grooming and initial performance evaluations by December
1976. Since this contract was completed on 31 January 1977, the period
of RGG-2 performance evaluation was limited to a brief span of a few
weeks., However, during that short time, it was conclusively demon-
strated that significant progress had been made toward achieving the
ultimate performance goals.

> Specifically, the performance results obtained with RGG-2
demonstrate that: (1) the design goals have been met for thermal and
electronics noise; '(2) The sensor output noise goals have nearly been
met for the vertical spin axis orientation/ (3) Considerable optimism
is warranted that the sensor output noise goals can be met for the hori-
zontal spin axis orientation, . (4) Continued development is both neces-
sary and warranted. yied

A second purpose of this contract was to study the requirements
of a platform needed to stabilize up to three RGG sensor in an airborne
mapping environment. The results of this study, conducted under
subcontract by Incosym, Inc., is reported in Volume II of this Final
Report. The study results are encouraging, particularly because an
existing DoD platform has been identified as being suitable to support
a triad of RGG sensors.

7 In summary, the availability of a platform and the performance
success of RGG-2 permit immediate consideration of a follow-on pro-
gram which would test and demonstrate all the components of a gravity
gradiometer system. Itis the recommendation of this report that the
Hughes RGG sensor be integrated with a platform at the earliest possi-
ble time, and tested in the laboratory environment. It is also the
recommendation of this report that the RGG-1 sensor be retrofitted up
to the RGG-2 configuration to permit simultaneous development and
test efforts.
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SECTION 1

INTRODU CTION

This report defines the Vibration Isolation Alignment and
Leveling System (VIALS) requirement for the Rotating Gravity Gradiom-
eter (RGGQ).

The report defines the RGG performance sensitivities to its

environment (angular and translational inputs, heading and tilt etc.)

analyzes the expected environment for flight testing, examines the
amount of compensation for errors that is desirable and possible, and
presents a specification generated from this data. The report also
examines the VIALS questions of the availability and applicability of
existing hardware and compares them with the feasibility of new
hardware design, and makes a tradeoff study of the potential costs.

The first and major question to be resolved was whether the
state-of-the-art technology in platforms, vibration isolation systems,
and instruments could in fact meet the requirements: we concluded
that the requirement is both feasible and practical.

Two areas will require technology that is only just emerging.
The first of these is the translational vibration isolation system: the
realization of the assumed requirements of a 2-Hz bandwidth isolation
is being pursued vigorously in industry. The results obtained thus far
indicate good technical progress. The second area is the measure-
ment and compensation of angular vibration. In this case an adaptation
of a tuned-rotor gyro to an angular accelerometer showed in prelimi-
nary tests that the problem was solvable.

A platform was located that could be modified readily to meet
the VIALS requirement, and will satisfy the requirements of form, fit,
and function. With the addition of the vibration isolation mount that
is being developed, and possibly the angular accelerometers, this

modified platform would meet the VIALS performance requirement.

FRECEDING PAGE BLANK-NOT FILMED




A CONCLUSIONS

The following are the conclusions reached:

) It appears to be feasible and practical to mount
three of the present-configuration Hughes Rotat-
ing Gravity Gradiometers on a platform. Such
a platform would be small enough and would per-~
form adequately for laboratory and flight testing.

i A platform that could be modified easily and that
is suitable for laboratory and flight tests does
exist, and is in production.

&k Measurement of the rotational vibrations of
either a new or modified platform will be
required to determine if active compensation is
necessary for either laboratory or flight testing.

4. Addition of a low-frequency translational mount
to the existing platform might be necessary for
flight testing, but would not be necessary for
laboratory testing.

5 Laboratory testing could determine the perform-
ance of the present RGG design on a practical
platform, verify the validity of the RGG mathe-
matical model, and specify the required transla-
tional and rotational vibration requirements more
accurately.

B RECOMMENDA TIONS

Before a true evaluation of the potential performance of any
instrument can be established, it is necessary to test data with the in-
strument in it's operational configuration and in a ''real world' environ-
ment, For the Gravity Gradiometer this means mounting it on a plat-
form and finding out how it will react, first in the laboratory under
induced environmental conditions, and then in actual flights. Until
such tests are performed any design parameters and projections of
performance are only estimates.

Because of the availability of suitable hardware, and because of

the desirability of obtaining operational performance data, INCOSYM

recommends the following steps be taken:




L. Procure (buy or borrow from DoD) an Autonetics
Mark II platform.

2. Modify it for laboratory testing, including control
gyros and accelerometers, and mount one RGG.

3. Take performance data, monitoring rotational
and translational vibration levels.

4, Induce rotational and translational vibration:
rotational by inserting a controlled ac voltage
to the gimbal torque motors and translational
by mounting on a shaker and monitoring the
RGG performance.

58 Compare actual to predicted performance.
6l Add a second RGG and observe the cross-talk.
Tl Define any software compensation required for

flight tests.

8. Define the system mechanization for flight
testing.
9 Procure additional hardware required for flight

testing (computer, master inertial navigation
system, mounting rack etc.).

10. Integrate the full system,
It Laboratory-test the full system.
12, Flight test the full system.

The above list is extensive and would require approximately
two years after procurement of the platform to implement.

The laboratory testing and definition of the flight system could
be accomplished during the first year, and the integration, laboratory
and flight testing of the complete system could be accomplished in the

second year,




SEC TION 2

LIAISON WITH PLATFORM AND COMFPONENT VENDORS

A. PURPOSE AND SCOPE

The purpose of the liaison was (1) to find out what available
hardware could be applied to the VIALS problem, (2) determine the
reaction of industry to the feasibility and practicality of the require-
ment, and (3) obtain data on the modifications to existing hardware or
the amount of new design required, and on the respective costs
involved.

The following vendors were contacted: Autonetics, Sperry,
Litton, Singer-Kearfott, Honeywell, Northrop, Delco, and Actron.

We also studied data available from Aeroflex, Carco Electronics, and

Contraves-Goertz.

B. AVAILABLE HARDWARE

Investigation revealed one available platform that appears to
be attractive for the VIALS requirement. This is the Autonetics
Mark II SINS platform. It has the most desirable gimbal order, i.e.,
the azimuth gimbal is on the outside, which results in the minimum size
possible to carry the RGG.

The RGGs could be mounted where the present SINS gyros are
mounted with very little modification to the gimbal, and there would
be plenty of room left to mount control gyros and accelerometers.
The outer thermal shield (which is water cooled) should be removed
to give more space around the gimbal. Water cooling should not be
required for the VIALS, especially not in a flight test, and replace-
ment of the present shroud would result in a simpler and smaller

package. The design of a new shroud would be relatively simple.

Ll

i\ PRECEDING PAGE ELANK-NOT FILMED i




T

! The gimbal structure is as small as is practical for a two-
or three-RGG package, It is interesting to note that it can be used
with either two or three RGGs with no modification to the gimbals,
"t and even if a specific two-RGG configuration were designed, it would
not be any smaller. The gimbal is approximately 24 inches in diam-
eter, 20 inches high, and weighs about 220 pounds., With all instru-
ments mounted the whole package should weigh less than 350 pounds.

The gimbals are attached to a post through the center, which is con-

venient for attachment to a mounting structure. The gimbal freedom
is at least 40 degrees in pitch and roll, and is 360 degrees in
azimuth.

b/ This gimbal configuration puts the center of the RGGs at
approximately a 16-inch radius from the center of rotation of the
azimuth. However, as the RGGs will have to be calibrated on the

system for mass proximities anyway, this does not appear to be a

constraint. Any packaging concept will require the centers of the
RGGs to be displaced by at least 7 inches.,

The gimbal readouts are inductosyns with an accuracy of
approximately 10 arcseconds and virtually infinite analog resolution,
This would make it possible to slave the RGG platform from a master
system in the vehicle provided the master system had an equivalent
gimbal order and equivalent gimbal readout accuracy resolution, This
would eliminate the requirement for gyros and accelerometers on the
RGG platform, but would require a stiff mounting surface between the
systems to eliminate any body bending motions, and either a common
vibration isolation mount for both systems or a mount that is individual
to each system but is 'tuned' so that both mounts are identical.

The elimination of the control gyros from the platform would
eliminate a source of vibration; the design difficulty of the isolation
mount may preclude such an approach, however. The present platform
does not have a 2 Hz translational mount, but Autonetics is working
on a 2 Hz mount which could be applied for the RGG application. This

mount should be available within a few months.

12
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This Autonetics platform utilizes ball bearings between gimbals
and has an azimuth slip ring (with 150 rings). These have friction that
could cause spurious angular vibrations of the platform. The slip
rings could be bypassed by a cable; although this would limit the number
of 360° rotations per flight to perhaps 20, it should be acceptable for
flight testing. However, as a result of the work done on angular vibra-
tion compensation, discussed in Section 6, it would appear that a ball-
bearing platform with slip rings could be used. There is no data avail-
able on the angular noise on this platform, therefore tests would be
required. Refurbishment ofthe bearings would be advisable if the
platform has been in use.

A star tracker has been mounted on one of these Autonetics
platforms and has been van tested: the detailed data is not readily
available, but in general the system worked satisfactorily.

There is no visible technical reason why this platform could
not be modified and flight-tested with RGGs installed, and it is our
conclusion that such an approach could be made to work for flight
tests. For shipboard applications, the use of such a platform slaved
from the SINS appears to be very attractive, as the space would allow
both systems to be mounted together. No other platform presently
available was as attractive as the Autonetics Mark II SINS for various
reasons. In general, the deficiencies of the other platforms were:
inferior gimbal arrangement, size either too large or too small, or
extensive modification requirements.

If velocity damping from an onboard system were used there
are numerous gyros that would be satisfactory as control gyros for the
RGG platform. It would probably be best to use a gas-bearing gyro, as
they generate lower vibrations than do ball-bearing gyros. The angu-
lar vibration of the gimbal with the servo loop closed will be the most
important factor in gyro selection, therefore the characteristics of the
servo electronics and gimbals will have to be considered carefully when

selecting a gyro.

13




The accelerometer presently used on the Mark II SINS is an
example of the available inertial-grade accelerometers that would meet

the requirement.

C, INDUSTRY REACTION TO THE VIALS REQUIREMENT

The one area of concern to nearly all vendors was the 2-Hz

translational isolation, Autonetics claims to be close to a solution

for a payload of this size, although they declined to specify the approach
used. Also, Actron has isolated a payload of nearly the exact size
postulated for VIALS down to 4 Hz, using a passive (i.e., springs and
dampers) system. The major question to be resolved is whether or no*
an active (penumatic or hydraulic) system will be required instead of
a passive spring-damper system.

There is also general uncertainty as to what the angular vibra-
tion levels are on platforms, especially at higher frequencies. That
problem has been addressed in this report in the section on compensa-

tion techniques.

1D ¢ MODIFICATIONS TO EXISTING HARDWARE AND COSTS
INVOLVED

The modifications to the Autonetics platform needed for it to
carry the RGGs have already been outlined. To summarize, these
are:

® Modify the mounting slots for the present SINS

gyros to accommodate the RGGs. If two RGGs

are used, a dummy mass would be used in
slot No. 3.

° Add mounting pads for control gyros if required.
L Leave accelerometer slots as is.
® Implement a new shroud,

14




i ® Add a 2-Hz isolation mount,
° Design and build a mounting rack for flight test.
° Modify the gimbal control loops if onboard control

gyros are used.

° Implement a mechanical and electrical interface if
; external slave control is used.

If an Autonetics system in a slaved mode is used for the master

TE——

7 system then the electrical interface is already established. The cost

to modify an available Autonetics platform would be approximately

$250,000. To design and build a platform specifically for the require-
ment would cost approximately $1,000,000.

If the system is slaved the master would probably be a SINS
system that would cost nearly $1,000,000. Even if it isn't slaved a
very accurate onboard system will be required for initialization and
velocity information. A Honeywell GIZANS system can be used if slaving
is not required.

# GEANS systems have been demonstrating flights with guidance
accuracy better than 0.1 nautical mile per hour, which would be
accurate enough to use as a master reference for 10-hour flights.
The GEANS systems are not in volume production, so they are expen-
sive, although they chould be somewhat less than SINS system. As
spare Autonetics systems are available in the DOD inventory, and
as the platform could readily be returned to its original state after
modification, it would appear that two of these systems could be
borrowed for flight testing, and the only cost incurred would be for

modification and refurbishment.
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SECTION 3

GROUND RULES FOR PLATFORM DEFINITION STUDY

MISSION CHARACTERISTICS

Operational Airborne Mapping of the Gravity Gradients

° Duration of one mapping mission is 10 hours max plus
any preflight time as necessary.

° Environment typical of C-141 or C-135 aircraft in
good weather conditions (benign environment char-
acterized by straight and level flight during taking
of the data).

AVAILABLE SUPPORT EQUIPMENT

® High-quality inertial reference will be available
as a master. The RGG platform will be slaved to
the master.

METHOD OF DATA TAKING AND DATA PROCESSING

@ Flight pattern will be selected such that it will be
suitable for bias stability verification by point
closure technique.

] In-flight data processing (active compensation) is
acceptable provided it is found to be feasible.

. Post-flight data processing is also acceptable pro-
vided it is found to be feasible.

® Azimuth VIALS rotation to eliminate turnaround
effects may be used if it is found desirable.

17
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D, VIALS AND RGG CONFIGURATION

L] Preferable nominal configuration is to consist of
a complement of three mutually orthogonal RGGs.

. Second preferable configuration is to consist of
a complement of two mutually orthogonal RGGs.
(Axis orientation relative to the local vertical
and aircraft line of flight is to be defined. )

. Desired RGG platform mechanization is lecally
level and north pointing.

'3 The form factor of the existing RGG is to be con-
sidered as a breadboard. However, the size
and the form of the inner rotor assembly will
not change.

® VIALS requirements (platform and isolation
system) are to be satisfied in a manner that is
most cost effective and schedule effective.

E. PERFORMANCE

Vibration Isolation System parameters should be selected with
the objective of reducing spin harmonic errors to acceptable levels
without compensation when kGG motion sensitivies are at design
goal levels and when external environment is ""Defined Operational
Environment. "

Vibration Isolation System natural frequencies as low as 2 Hz
are acceptable for small motions, and non-linear stiffnesses may be
employed to limit ""High-g" deflections to acceptable magnitudes under
transient maneuvers. Active damping may be considered to achieve
improved attenuation at spin harmonic frequencies if required but
feasibility should be established for hardware.

If (within the prior constraints) any spin harmonic error can-
not be reduced to an acceptable level without compensation, then the
feasibility of changing the motion sensitivity design goal and/or of

compensating the offending error should be determined.

I8




errors and ''g

that it is necessary to formulate a compensation configuration for these

It is assumed that the VIALS cannot limit the rotation field

# errors' to acceptable levels without compensation so

errors such that the residual errors are within acceptable limits in

the defined operational environment. (These are not spin harmonic

dependent).

1= Error Budget Guidelines

Total system tensor element error standard deviation

°
<1 EU
® RGG self noise tensor element error contributions to
standard deviation 20.7 EU
° Root sum square of all remaining errors must not
exceed 0.7 EU for each tensor element
. The error forms due to VIALS are
a. Rotation field residual after compensation
b. gz residual after compensation
Ch Diff MU (Kl, E\"z,\ spin harmonic
d. Axial (K3) spin harmonic
s T €. Dyn MU 1K, 1\'5) spin harmonie
fa Sum-mode MM ([\'6) spin harmonic
g Skew misalign (K”, Klz) spin harmonic
k. Platform orientation.
. If each error in "D is 0.25 EU,  the RSS is 0.71 EU,

One sigma.

19




F. ADDITIONAL NOTES

It is the primary objective of this effort to provide a VIALS
specification that will meet the requirements of the airborne mapping
mission. However, the requirements of the longer-time-constant
submarine missions and low-altitude flight (more bumpy) oil explora-
tion survey missions should also be listed, and prior to any major
decision relative to the airborne VIALS these requirements should be

reviewed.

20




SECTION 4

REVIEW OF RGG PERFORMANCE FACTORS

A, MATHEMATICAL MODEL OF THE RGG

In order to specify the characteristics of the VIALS system we
must know the vibrational environment, and also know the sensitivity
of the RGG to that environment. The characteristics of the expected
environment are addressed in another section of this report; in this
section we establish the RGG model. This mathematical model permits
us to evaluate the errors resulting from the vibrational environment
and thus specify the level of isolation necessary to keep these errors
within allowable limits.

The RGG mathematical model is based on equations presented
in the Hughes report entitled Rotating Gravity Gradiometer, dated
March 1976. The RGG signal process model is shown in Figure 1,

and the input functions to this model are:

A(t) = AlC cos wst + AIS sin wst

+ A cos 3wst + A sin 3wst (L)

o 3s

B(t) = Blc cos ""st + Bls sin wst
+ B cos 3wt + B sin 3w t (2
3c s 3s s
C(t) = CZC cos Zwst + C25 sin Zwst (3)
21




60641
Al cos w,t 2sin 2wt H,(s) =T,
B(t) | sin Wt
Dmo-—J cos wt |
E(t)o_ Sin Wt | 2c052wst Ho(s) ‘——’rs
Figure 1. RGG signal process model.
D(t) = D0 } D4C cos 4wst + D4s sin 4 wSt (4)
E(t) = EO : E4c cos 4wst ' E4s sin 4wst (5)

The output signals of the RGG process model are given by

Equations (6) and (7)

Rt 1
L, =gt B Js5A, -B, }+C

T8 (6)




4c 4s 0 (7)

The five input time functions contain gravity gradient signals,
rotational field gradient signals, and motion sensitive error signals,

and are stated by equations (8), (9), (11), (12), and (13)

A cos w t+ A sin w t + A cos 3w t + A sin 3w t
li& s ls s 3c s 3s s

a a
- _;( _X 4 o 4 ~
"Kl(g)LKZ(g)ﬁLhUwX wy 9yt Ty

2
g g
+hlle-Klsz (8)
B cosw t+ B sinw t + B cos 3w t+ B S 3w €
| iy s 1s S £ (o s 3s s
(iz 7 :
= Kl 2 - 1\2<-g—) ¥K4 (w + wow, - IVXZ
2%z
—1\5 (w —wywz LlY?‘)—K‘) 'Z
g
a_a
L’ Yozl e e s o}
I\IO ua }\”wx I\ll y (9)
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a
. o _-E . .
CZC cos Zwst + CZs sin Zwst = K3 ( g )+ Ké“’-z + Thermal noise
(10)
D0 + D4c cos 4u}st + D45 sin 4wst
Ad..
= 2 - 2w W -[—l‘l][‘ - +w2-w2]
X Yy nec Yy XX X y
2 2
2a a a_ - ax
+RBo1==23] + &, | -L-= (11)
T 2 8 2
g g
EO + E4c cos 4wst + E4s sin 4wst
AD..
B e R el [——11][21“ = Ba_ ]
yY XX X. y T]C Xy X Y

Once the form of the input functions of the gravity gradients,
rotational fields and accelerations is established, then the input
coefficients Alc’ Als’ etc., are evaluated and are substituted to obtain
the RGG outputs I" and Iy as indicated by Equations (6) and (7).

B. EVALUATION OF RGG SENSITIVITIES TO TRANSLATIONAL
ACCELERATION INPUTS

| & Resolved Form

Assume all other inputs are equal to zero and the acceleration

inputs have the form:
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o

a gin. - C_) {13) ]

X X xg
a gl - G ) (14
¥ Y YE )
a gn_ - C ) (15)
z z zZg

ax) ix) a a7 axaz
Kl(-g— *Kz(g "t K 2 - Ko 2

1 10 “zg 9 y
(K)o C g - Ko CoIn, + (Bgn - Kpon jn, (16)
Using (13), (14), and (15) evaluate
a a a_a a_a
= (_gl) 3 Kz('gﬁ) = Bg xzz gt ‘X?_—z
g g
= My Byg Coptlg = g =By €0
# (K Cop + Kg Coodn, - (Kgn, +Kyon ), (17)
Assuming that the products NN, and ) 1 can be neglected,

then substituting (16) and (17) into (8) and (9) we obtain

23




(A cosw t + A sin w. k) (A cos 3w t + A
le 5 5 3¢ S
= RS h]U /u’”\ r(hu —k%)ng)“Y
(KI(’(‘(L' - l\() Lygi'x/
(B cos w t B sin w t) (B, cos 3wt B
le S ls 3¢ s
= (K, + K [ : SRS ) @
‘\l \10 '/AL’)Y]Y ( > N '/,}l)”x
1 C ; n
(I\l() Ve }\u Cxu) i
Assume that
N. = N _cos wat £ sin w _t
X > alle s xis s
Ny 3c €OS %wst i P sin %wst
WY qylc cos wst% qyls \legt
. . COS 36 € +F 1 sin 3w t
y3¢ S 3 S
N n cOB w ¢t N sin w t
Z Zde S s
N,3c €OS iwst tn 3 sin 3w t

3sg

sin 3w t)
s

(18)

(19)

(20)




Substitute (20), (21) and (22) into (18) and (19) and compare

coefficients

Alc

ls

3c

3s

fe

ls

o HB, - K C

)N

zg" yle
)]]Z].C (22) :
(KZ : K‘? ng)qyls
)nzls )
Mg ® 15y = K9 ng)nyfvc :
)]123C V&3]
;
£ (KZ - Kg ng)qy3s
ge) 23 (26)
(KZ g KQ ng)nxlc y
xg) Vzle (27)
(I\Z & K‘) C?g)qxls
)qzls (23)

-




3 Pt By g,

o3)
I

5 (KZ i, K9 ng)nx3c

S (KIO Cyg : }‘\9 ng)']z?)c (29)
BSS g (Kl . th ng)qy3s i (KZ - K9 ng)qx3s
e sl RS (30)

10 “yg 9 ng)”z3s

Substitute (23) through (30) into (6) and (7)

1 3
+ 1 )+-E(K - K

TG o s ylc 7 9 ng)(”yls =Ml

Lot b 3

"3 'hl i hlU Cza)(qx3s “Myzel t2 (KZ ) K9 ng)(ny3s Flysc!

1 ;

=l G -
PS80 Y T B Cyg)qz3s K10 Cyg 9 ng)‘]z3c \5)
1 > =
3B Byg ot nge - r1y1s) Hathg =Ky ng)(" 1 P x1s’

1 ok
P2 B Ckg =B Cyg)qzlc 10 Cyg Fhg xg)'lzls

1 7

Fllad R ng)(qx3c +r]y?)s) T B ng)(“yk " lx3s
LA, C K. T M l(!\' LR C_.)n

2 10 xg 9 “yg oG MNE 10 yg 9 "xg’' 'z3s

(32)
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Equations (31) and (32) state the RGG sensitivities to transla-

tional acceleration inputs of sinusoidal nature.

2. Complex Form

a. Errors Due to Translational Vibration at Spin

Frequency Perpendicular to the Spin Axis

From Eq. (28) of reference 1.

Pinsrs - Pal%ie t Pilyic

: PZ”yls

tPl

mM lels+p

1\ +
I xle

Pongie = Pilyis

Multiply (34) by j = ~-1 and add to (33)

where

(33)

(34)

(35)

(’H))

{37)




= 1 o %
r]ylcs r]ylc Jl]yls (3%)
) & =i P + AT I
Al ! Al . ] sl
1 1 1
k
by Errors Due to Translational Vibration at Three Times
Spin Frequency Perpendicular to the Spin Axis
From Egq. (29) of Reference |
- ! (0]
AFC‘,] 1Dlr].\:Bs ‘ PZ”xSc p]"ySc pZ‘]yBS (39)
[
i
- s = ' >
aks n _PZ.']XSS : Pl“xSc : pZYIYBC : lqyis )
3 .
|
Multiply (40) by j and add to (39) j
_ N |
Arcs‘q s ']Y3CS : Jx]XBCS) PIZ (L) |
I
where
= B
' R 3
1 ; il y 5 |
5 [¥, ll\]Ong]-JE[P\l-lQ a5l (42)
y3cs y3ce ~ -my§s (=
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"x3cs Nx3e 7 Vk3s =
aF T ¥ JAD.
CS 1] C '] S -
1"i3 |3 13
Cq Errors Due to Translational Vibration at Four Times
Spin Frequency Perpendicular to the Spin Axis
From Eq. (33) of Reference 1
e \ L P on t P.on ey =
Bh gt Polbge T Fagloae F Folloag = Fall g el
|4
- > = L P = BP._i x. " )
ot INg P8”x4c F’{”y-}c : 8 'y4s PT ‘x4s L)
|
Multiply (46) by j and add to (45)
. T iy = 5 -
AICS! Mydes ]'y-lc's\ 78 el

where

|
I
|
{
|




T

e i

Errors Due to Translational Vibration at Spin

Frequency Along the Spin Axis

AYEI

Al

lzl

zl1

=S 2

y -p9nzls i plonzlc

10"z

ls

+ B

From Eq. (34) of Reference 1

9N

Multiply (53) by j and add to (52)

where

zlcs

910

ar
cs

zl

" Nzlc

]

12

| —

Arr
c

+

+jP

z1

Al

cs

jr]zls

10

+jA1‘s

z]

z1
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(51)

(53)

[K9 ng : K10 Cyg] +j—; [KIO ng - KQ Cyg] (369



where

Errors Due to Translational Vibration Along the Spin

Axis at Twice the Spin Frequency

From Eq. (32) of Reference 1

Arc i l\3 228
ze
aly L
z2
Arcs = r]zzcs l\3
z2

Ny2cs = Nz2e " 328

aAr

Al c ] Al“s

z2

cs
z2

Z2

(59)

(60)

(61)

(62)

Translational Vibration Along the Spin Axis at Three

Times Spin Frequency

From Eq. (34) of Reference 1

al. 3 plollzf‘ls = p9”z3c
z3
Aaly ;z3 = p9qz3s 5 1:)10']7,3c
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Multiply (64) by j and add to (63)

- 2, P (65
Ales "z3¢cs 910 :
e
where
3 Il ¢ R o T N s R
9i0 2 9 “xp 10 " ye 2 10 xpg ) yg
n . T & 1 (66)
Z2CS Z2C = Z22C
A Al F Al (67)
Ccs < 2 g S 2
z3 23 .

Equations (35), (42), (47), (54), (60) and (65) are presented

in Table 1.

(B NARROW BAND RANDOM PROCESS

Let the narrow band random process be described by a function

— os(w,t + H8)
Yit) (t) SO5ot Oy e
where \'(t) and d)(t) are random variables and the frequency “0 is
nominally constant.
Expand (68)
4 . + OS5 W % / Wt
y(“ [\1t) CcOs u(t)]um ()t [\(” sin (b{“] sin 0
. - - ~ ¢ ,«}
yC coOs w()t yH sin wnl (69)
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where

Ye = Vie) €°8 ¢,

s (t)

and and y, are random variables that can be characterized by
2

variances o and o

sin ¢

(t)

c s
It will be assumed that

2 2 2
o = o o
¥ ¥ ¥
Il Narrow Band Random Process Applied to the RGG

(70)

Consider error due to the differential arm mass unbalance in

the cosine channel from Table 1

- 3 1 1
s !”1 = My * ”ylc) 2 g 7 Wgge - qyls) e B e
Assume 1 y 1 5 T and n are characterized by variances (rz
P > xls ; ylc xlc ‘ 1yls 5 ) l ‘ =
Uyls’ T e @n Uyls respectively. us Equation (72) can be written
o 2 . \O
= & (rz )<i) + 0'Z + 0'2 )(h—z) (73]}
"Arc " \"x1s " Ty1c/\ 2 xlec "%yl 2
"
1
Assuming that
2 B 0_2 4 1 62
Tx1s [ R T
36
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and
|

2.2 sl ¥
vls =~ Tyle = Z %yl
Therefore
L 2
2+2_2+2_"x1"x1
%1s " Tylec T Txlc " Tyls © 2
Thus Equation 73 becomes
0‘21 + 0'21 Kl 2 KZ .
- =2 T Il=] +|=F (74)
ar|. - 2 2
¥
also assuming
AR
LR TR
1
2 3 v
O—Arc = Z (K +K2) 0"11 (75)

In a similar way we evaluate contributions of the other RGG
sensitivities and obtain the RGG variance error model for translational

spin harmonic vibrations shown in Table 2.
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Variance of vibrations
wg along X and Y

at

Variance of vibrations at

3. along X and Y
s
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s
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S

Variance of vibrations
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S 4
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Table 2

Differential Arm Mass Unb.

Ky

Cross Anisoelastic

C

Prime Anisoelastic

>

7R
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L
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v
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I, DERIVATION OF WORKING EQUATIONS FOR EVALUATION
OF RGG ERRORS DUE TO TRANSLATIONAL ACCELERATION

INPUTS

ks Power Spectral Density

Assume power spectral density to be as shown in Figure 2.

T'he variance for the nth harmonic is

bl
o 2AfN (75)
where 2Af for the RGG is equal to 0.1 Hz.
6064 4

POWER SPECTRAL
DENSITY - N

Figure 2. Power spectral density.




W

2. Error Contribution by the Differential Arm Mass Unbalance

From Table 2
) (5] e () (5
Ach, :o"\l 5 + -5 +0',(3 = + E3 (76)

Combining (75) with (76) we obtain

£ KIZ Kz?‘
o = \/ZAf(NI +Ny) -2—) +<—2—) (77)

30, Error Contribution by the Axial Vibration Torsional

Sensitivity

R r———

From Table 2 and Eq. (75)

r

/ <K3>2
oo = 2AIN, \ 5

4. Error Contribution by the Prime Anisoelasticity
(4th Harmonic)

From Table 2 and Eq. (75)

i B el
Eype = fZAf N, (G + Cyg) (K7 + Kg)
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v’ -7_
B4 Error Contribution by the Cross Anisoelasticity
From Table 2 and Eq. (75)
[ 2
K K
3 2 3 2 2 < 9) ( 10)

by /ZAf[(Nl + N3)ng t3 (N1 + N3)(CXg { Cyg)] > 5
(80)
6. Gradient Error due to Prime Anisoelasticity - Low Frequency

ComEonent

o N i
X 1) RO e
o= 2 f > (K7 ‘ Ks) (81)

For the RGG e = 0.1 and N is the power spectral density at

) (0)
zero frequency.

The errors stated by Eqs. (77), (78), (79), (80) and (81) are
at the RGG level.

Table 3 summarizes these equations, and the values quoted are

the tensor element values.
13 ERRORS DUE TO MISALIGNMENTS

The RGG sensitivity to misalignments in the earth gravity

gradient field at tensor level are:

4.5 EV . Per milliradian tilt off vertical (background

gradient assumption)

0.3 EV Per milliradian misalignment in heading

(assumed horizontal principal gradient difference)
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F. RGG ANGULAR VIBRATIONS ERROR MEASURE
FOR ESTABLISHING PLATFORM REQUIREMENTS

where
o error in EV (tensor element value)
2
S (f ) power spectral density in (rad/sec)”/Hz
s

[s frequency
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SECTION 5

REVIEW OF DATA AND ANALYSIS OF
AIRBORNE ENVIRONMENT

Three sources of data were studied and analyzed. These
sources were
1% Vibration flight test (Phase I), prepared for the
Air Force Weapons Laboratory Kirtland Air

Force Base by General Dynamics under
contract F29601-71-C-0064, 15 Sept. 71.

2. Prototype moving base gravity gradiometer,
Hughes Research Laboratories, R and D
Evaluation Report Contract ¥19628-72-C-022
January 1973.

5. Vibration data for the KC-135 aircraft, memo

from Paul H, Merritt to Lt. Col. Jack A, Cook
dated 17 May 1976.

The data presented in sources 1 and 3 were measured at cargo
tie points in KC-135 aircraft. The measurements were performed
without the equivalent mass/inertia of an RGG system in place. Test
conditions under which the test data presented by source 2 was obtained
were not established. The levels of power spectral densities of linear

vibrations obtained from the three sources are presented in Table 4.

Table 4. Power Spectral Density for Linear Vibrations
Expressed in G2/Hz (G in rms values)

Frequency 0 wg 2wy 3ws 40
Source No, 1 |10~} 1076 10~ 107° 1070
Sonrce Now 2 110~ 10" 15 107° 107 °
Source No, 3 [2.5 x 10'3 16 x 10"6 17 x 10'(’ 17 x 10“(’ 17%10°°
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It is interesting to note that the test data presented in Source |
was obtained under moderately harsh environments while the data
obtained from source 3 was taken under most benign flight environ-
ments. The three sources also contain information pertaining to the
angular environments., Graphs in Figures 3 and 4 show the results |
H% of these measurements, Data from Source 3 is not included in these
figures because it may not be accurate,

It is our opinion that the environmental data presented repre-
sents worst case conditions because the measurements were per-

formed without the actual load/inertia of the RGG system,.
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Figure 3. Angular rate power spectrum (reference
source No. 1).
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Figure 4. Angular rate power spectrum (reference source
No. 2).
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SECTION 6
STUDY OF COMPENSATION TECHNIQUES

In this study we assume that the basic RGG sensitivities (the
K factors) have been reduced to their goal levels, and thus the resulting
error will be a function of the operational environment, the character-
istics of the vibration isolation system, and the effectiveness of com-
pensation techniques used.

The vibration isolation system parameters will be selected so
that the spin harmonic errors will be reduced to acceptable levels
without compensation. Since a practical VIALS cannot limit the rota-
tion field errors and gZ errors to acceptable levels in the operational
environment, these effects will be compensated for.

Compensation for the gZ errors is relatively straightforward,
as conventional accelerometers can be used to measure the accelera-
tion levels. The computational aspects of this compensation are also
simple and are shown in Figure 5. Most of the work done in this
section deals with compensation for rotational field effects.

Compensation for the rotational fields requires the knowledge
of angular velocities at all frequencies., This requirement is difficult
to satisfy by using conventional angular rate sensors, and therefore a
new sensor is proposed to meet these requirements. The angular
velocimeter, as described in this section, can measure angular
velocities at all frequencies, and the effectiveness of compensation

for the rotational fields can be as high as 1:80.

A, COMPENSATION OF THE RGG OUTPUT FOR THE
ROTATIONAL FIELD EFFECTS

Any second-order gradient sensor responds to both gravitational

and inertial force gradients. When the sensor is used to measure

gravitational force gradients care must be exercised to limit and/or
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compensate for any inertial force gradients; presence of such
gradients would appear as errors in the measurement of the desired
quantity., The output of the RGG sensor is proportional to the source
of the angular rate normal to its spin axis, and the effects of the
angular rates are minimized by the combined use of the stable plat-
form, shock and vibration isolation system, and compensation. A

method of compensation is described in the paragraphs that follow.

1. Rotational Field Compensation Process

The RGG output due to the rotational field effect is

5
l\ ’wu'-wz (83)
cw X v
IS = - ZWW l84]
Sw XY

The subscripts ¢ and s denote the cosine and sine output channel s of the
gradiometer, and W, and = are the angular input rates resolved along
the case-fixed RGG axes. To simplify the description of the compen-

sation process we shall assume that e 0, w, = 0 and then

i =6 (86)

The block diagram depicting the principle involved in the compensation

process for the rotational fields is shown in Figure 5. Using this

block diagram we can write for the compensated output of the RGG
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Figure 5. Block diagram of the compensation process for the rotation
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The transfer function of the velocimeter is

2
s

H =
2 2
g ok Z?;BOS + (30

Substitute s = j

4 ()

Substitute (7) into (5)

e > 2 3
e (220 c 222 syl =
<Bo> (%) (“0)

(87)




v

Assuming that we design a velocimeter with a damping ratio { = \2/2

then Eq. (90) reduces to

4
PN ——~EO— (91)
cw ¥ 4 4
Let
12 2
= e ‘H 2
| eq(s) " (s) e
Assuming that
R e - (93)
cw eq(s)
Then comparing Eq. (93) with Eq. (91) we obtain
4
| 2 "0 4
Feawn| = A2 i
0
Also note that
p2
H - 0 (95
eq(s) Z

s” + \'Zpos } ﬁ(z)

Validity of Eq. (13) is proven as follows

o3

B g e




oV
I

[H

eq(s)

o

T e— (Qb)

Equation (96) indicates an equivalent process to the compensation
described by block diagram of Figure 6 and figure shows the equivalent

compensation process for the rotational fields.

25 The Angular Velocity of the Instrument Cluster Caused by
the Torque Disturbances

In order that the effects of torque disturbances occurring at all
frequencies shall be included we integrate the overall transfer function
as indicated by Eq. (97). It is to be noted that Eq. (97) is based on the

block diagram for the equivalent compensation process.

* o

8%}

: 1 | -
/ g w ( )
ar, == T H gy Heqre)| ¢ (97

Assuming that the torque disturbance function, T, is characterized

.by a constant power spectral density then Eq. (97) becomes

R
Al = i\ qu (98)
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where

v 4o

2
H dw
eq 2T | Hp(s) eq(s) (99)

=@

Hp(s) is the platform transfer function relating angular velocity and

torque disturbance. This function may have the following form

S

0

(100)

p(s) (s +a b .

)(s +w

The uncompensated RGG output in response to the disturbance torques

applied to the platform is

+o
1 2
AT S = T H dw (101)
Cw 2T p(s)
Y- o
or
; = T2 (102)
Cw(u) P
where
0] =
I L H E d 103 ]
p 27 l p(s)| ~° s
-®

In order that we may estimate the effectiveness of the compen-
sation process discussed here we shall form a ratio between the com-

pensated and uncompensated gradiometer outputs as follows:
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SR ) o (104)

Substituting from Eqs. (99) and (103) we obtain

I +————\2 50
AIﬂCw OO +wb 105
s e 22 g
cw(u) @Gy, o o “y @ Wy
2 5 +N2 5 + N2 3
D
BO 0 BO (ao B wb)
Assuming
%y = 20 rad/sec = 3.2 Hz
wy = 100 rad/sec = 16 Hz
By = 10 rad/sec = 1.6 Hz
The ratio from Eq. (105) becomes
w1 R §
Al_‘Cw(u) i

This means that for the selected platform and velocimeter
parameters the compensation process reduces the error due to rota-

tional field effects by a factor of 80.
Bs DESCRIPTION OF THE INCOFLEX ANGULAR VELOCIMETER
The cross-sectional view of the angular velocimeter is shown

in Figure 7. The angular velocimeter incorporates three major

subassemblies:
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Figure 7. Cross section of the two axis incoflex angular

velocimeter




® Magnet housing
. Two axis suspension system
° Housing

The magnet housing carries a ring magnet which establishes a radially- )
oriented magnetic field across the airgap. The body of the magnet
housing also provides the return path for the magnetic flux. The mag-
net housing is supported by a two-axis Incoflex suspension system
(this is a suspension of a dynamically tuned gyro) which in turn is
attached to its support.

Attached to the housing of the velocimeter are four pickoff
coils whose upper conductors lie in the magnetic field established by
the magnet.

When the housing of the velocimeter is subjected to an angular
input rate the attitude of the magnet housing tends to remain fixed and
a voltage induced in the pickoff coils is proportional to the relative

velocity between the velocimeter housing and the magnet housing.

Balance weights attached to the magnet housing are used to eliminate
the sensitivity of the velocimeter to translational acceleration

inputs.

L. Derivation of the Transfer Function for the Angular
Velocimeter

The magnet housing is mechanically coupled to the base of the
instrument with a torsional spring rate and damping. The angular
motion of the magnet housing related to the angular motion of the

base is related by equation (106)

(0, - 00K + (6 - ,)D 16 (106)




where

angle of the velocimeter base

angle of the magnet housing

K spring constant for the suspension system
D damping coefficient

J combined moment of inertia of the magnet housing
and the suspension system about the input axis

Taking Laplace transform of Equation (106) and rearranging

oD P K g (107)

Je" £ Dg + K T8

O 1(s)

But we are interested in the relative angle between the velocimeter

base and the magnet housing and therefore 3

| z i

g . Js
. - 0 — 108
OH(S) Bis) Js2 + Ds + K ( )

The open circuit voltage induced in the pickoff coil is

E = K

iy = Dl = Sy Lk,

Combining Eqs. (108) and (109) we obtain

O(s) 5 :
5} - K s (110) :

E 5
. > e
" g 4 ._(Jﬁos t ;30
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where

Kv voltage constant of the velocimeter

L damping coefficient
ZﬁOJ

0 ( ? undamped natural frequency

los]
I

C. ANGULAR VELOCIMETER EXPERIMENT

i Purpose

Verify feasibility of the technique and correlate results with

calculated data.

2 Description of Test

Standard Incoflex gyro was used in this test, One torquer coil
was used to drive the rotor and the diametrically opposite torquer
coil was used to indicate the angular velocity of the rotor. The circuit

used is shown in Figure 8.

Frequency-Hz 1 3 6 7 8 9 10 11 L2 ) 20 30 40
E] volts P-P G2l ez 3k Yaid dlsde 00235 125 o B3R ST 90 1.0 12.0 12,8
E?. mV P-P 1.5 4.5 6.5 6400 9,5 10:.5% 9.5 }4.5 10,5 13.%5 11.5 7.5 5.0

e Analysis of Test Results

a. Torques Acting on the Rotor
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Figure 8. Test set-up.
9
or
(s)
9ls) ( 2D )
J(s™ + = s tw
J
where wl =
n !
Also
aT
6 (s)
(s) ( % L) u)
J(s™ ¢+ =5 tw
J n
1




For s « w and small damping

(s) e (114)

For s »> w_ and small damping

e B (115)

b. Evaluation of Constants

Gyro torquer scale factor = 2.6°/Hr/ua

)
Gyro angular momentum - 20,000 gm x cm /sec

(6]
P g f,—l-ﬂ‘-r—s x 20, 000

2.06 x 10
. O
= 0.1 dyne x cm per 1 JHr

Thus 1 uA produces 0.26 dynexcm when two coils are used in series.

For a single torquer coil we have

l\'T 015 = 10() dyne x cm/amp

J 15 gram x ¢m

K 50, 000 dyne x cm/radian per axis

50, 000 1/2
on = (2257) o
fn = == 57,7 = 9.2 Hs
2m
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Obtain angular velocity of rotor at low frequency - 1 Hz

Torque exerted on rotor = 0,13 x lO6 x be2 xL

2 940

"

428.7 dyne x cm (zero to peak)

Using Eq. (4) angular velocity of rotor

(2w x 1) x 428.7

0 = =5 000 = 0.054 rad/sec (zero to peak)
Ca Voltage Output
1.5 % 10>
EZ = ._’2.__ volts (zero to peak)
E -3
- - 2 O nlohxslons o
K, * = 320052 - 0.014 volts/rad/sec

Obtain angular velocity of rotor at higher frequency - 40 Hz

Torque exerted on rotor 0,13 x 106 x]T xL

940

= 830 dyne x cm,
Using Eq. (5) angular velocity of rotor is

830

S no———— / zero to peak)
e s a0 0.22 rad/sec (zer P




d. Voltage Output

-3
5x 10
EZ = —2— volts 2-P
E -3
By
KV = _e = —0.—22—-—— = 0.011 volts/rad/sec
e Calculated Voltage Scale Factor

Calculated voltage scale factor was 0.015 volts/rad/secc

(one coil).

In subsequent calculations use
K = 0.015 volts/rad/sec per coil

Kp = 0,13 x 10° dyne x cm/amp per coil

4, Summary

Measured value of the voltage constant per coil agrees
reasonably well with the computed voltage constant. For further

work use

0.015 volts/radian/sec

D. COMPENSATION OF THE RGG OUTPUT FOR
ANISOELASTIC EFFECTS

Residual anisoelastic effects (at low frequencies) may be com-
pensated for from the knowledge of accelerations and the residual
sensitivities K7 and K8 for the RGG instrument. Three accelerometers
will be used to measure the components of acceleration and the data

will be processed in the computer in accordance with the block diagram




shown in Figure 9, We expect that compensation will reduce this

by a factor of 20.

6054-11
X—AXIS LINEAR y
ACCELEROMETER MATRIX [ —K% (1/2+n,) — K§n,
AND
FILTER
FOR o ¥
vemee T x Kgttng
Z-AXIS
ACCELEROMETER
LINEAR 5 "
MATRIX [ +K7 (1/2+4n,) — Kg ny
AND
FILTER
Y—AXIS
FOR  |—» +KX x
ACCELEROMETER ngGG £y, gtz end

Figure 9. Compensation of the RGG (SAW) for aniso-
elastic etfects.
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SECTION 7

VIALS SPECIFICATION

A. DESCRIPTION

The three RGG sensors shall be mounted to the stable element
of a three-axis platform. The platform in turn shall be supported by
a C.G.* vibration isolation mount for isolation of translational and
rotationul vibrations. The three-axis platform provides long-term
azimuth and level stabilization of the RGG cluster. In addition to the
RGG cluster the stable element may carry gyros and accelerometers
required for stabilization purposes, and also angular velocimeters and

translational accelerometers required for compensation purposes.

B. VIALS REQUIREMENTS FOR AIRBORNE MAPPING
MISSION

The VIALS system design shall assure proper operation of
the RGG cluster in an airborne environment (benign class) typified
by a KC-135 aircraft. The required accuracy of the RGG sensors,
expressed as tensor elements, shall be within 1.0 EU (one sigma)

during a 10-hour flight.

(2 ENVIRONMENT - OPERATING

Data shall be taken when the aircraft is flown in straight and
level cruise condition during non-turbulent weather. The cruise con-

ditions shall be as follows:

Prevents conversion of translational inputs into rotation of the stable
element.,




Altitude 25, 000 to 30, 000 ft

Ground Speed 400 to 500 mph

Cabin

Temperature: {(Faz=5018

Cabin Pressure: Between sea level and 10, 000 ft

equivalent pressure altitude will be
maintained at all times.

The aircraft motion environment shown in Figures 10 and 11 shall

be applicable and shall apply to all axes.

D FUNCTIONAL AND PERFORMANCE REQUIREMENT

1, Vibration Isolation Mount

The vibration isolation mount shall support the weight of the
platform and stable element containing the RGG sensors, stabilization
gyros, and accelerometers, compensation instruments, and electronics
associated with the above equipment. The mount shall provide three

translational degrees-of-freedom.

a. Load Capacity

The vibration isolation mount shall provide the specified
vibration attenuation while supporting its payload and while being
exposed to vibration spectra specified in Section 3 and when exposed

to aircraft maneuver loads of 0.1 G.

b. Elastic Center

The distance between the center of mass of the payload
and the effective elastic center of the vibration isolation mount shall

not exceed 0.2 inches.
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Figure 10, Acceleration power spectra.
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C, Mass Balance

The vibration isolation mount shall be equipped to provide
for mass balancing of its load so that the distance as defined in 7.D. 1.b

(above) can be adjusted to be within 0.1 inches.

d. Translational Vibration Attenuation

The vibration isolation mount shall provide for isolation
of translational vibration in all three axes. The translational isolation
performance in any axis shall equal or exceed the performance char-
acterized by a second-order linear system having natural frequency

2 Hz £ 0.5 Hz and maximum amplification not exceeding 1. 2.

2 Stable Platform

The stable platform shall meet the following performance
requirements while supporting its payload and when mounted on the

vibration isolation mount whose characteristics are specified in 7.D. 1.

a. Reference Stabilization Axes

The stable platform shall provide three-axis stabiliza-
tion such that locally-level, true-north-referenced, stable element

orientation is maintained.

b. Angular Freedom

The stable platform shall be capable of accommodating
aircraft motion excursions of #30 degrees in pitch and roll while in any
heading orientation. The platform shall have 360 degrees of freedom

in azimuth.

(=" Gimbal Readout

Angle transducers providing gimbal angles for cach of
the three axes will be provided. These transducers shall have an
I

overall accuracy of 1 arcminute.




d. Angular Alignment Accuracy

Initial alignment accuracy and allowable drift limits are
as specified below.

{ I Platform and RGG Initialization — The accuracies

required for initial alignment of the sensor cluster are as follows:

Vertical: %107 radian, 1 sigma with
respect to plumb-bob vertical

Azimuth: g radian, 1 sigma with
respect to north reference

After initial alignment of the sensor cluster, RGG initialization will
be accomplished. This RGG initialization process may require up

to one hour to complete. The platform drift requirement shall apply
during the RGG initialization period. No retrimming or adjustments
of the stable platform is allowed at any time during the ensuing 10 hr

operational run after RGG initialization has commenced.

2 Allowable Drift — The angular orientation of the stable

Lo

element shall not drift from the initially aligned reference by more than

the following amounts for a flight of 10 hours duration:

Level: 10_4 radian 3
Azimuth: 1077 radian |
€ Stable Platform Computer

A stable platform computer whose accuracy is compatible

with meeting the alignment accuracy requirements will be required.

fig Payload Description

The weight and size of the three RGG sensors shall be
as follows:
Weight TBD

Size TEE)

«
{

v




(1) Compensation Accelerometers
Number Required 3
Weight TBD
Size TBD
(2) Compensation Angular Velocimeters
Number Required 2
Weight T B
Size TBD
(3) Level Accelerometers
Number Required 2
Weight EBD
Size TBD
(4) Level and Azimuth Gyros
Number Required 2
Weight TBD
Size TBD
g. Power and Signal Transmission

Slip rings or their equivalent will be required to transmit

power to and signals from the payload equipment as follows:

ac power S ESIEY

dc power AR50,
Signals:

RGGs 32 channels
Gyros TBD
Accelerometers TBD

Angular velocimeters TBD

~J
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h. Reaction Torques from Payload

!
l
(1) Sensor rotor mass unbalance — each sensor !
rotor mass unbalance shall not exceed 1
7.5 x 1072 1b x in. Each sensor is oper-
ated at a nominal spin frequency equal to
1050 RPM.

| (2) Sensor angular momentum — the angular
momentum of each sensor is 30.1 x 10
gram x cm?/sec.
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